Functional neuroimaging in humans with acute brain damage often reveals decreases in blood flow and metabolism in areas unaffected by the lesion. This phenomenon, termed diaschisis, is presumably caused by disruption of afferent excitatory input from the lesioned area to other brain regions. By characterizing its neurophysiological basis, we used cerebellar diaschisis to study the relationship between electrical activity and blood flow during decreased neuronal activity. Here we show that focal cerebral ischemia in rats causes diaschisis in the cerebellar cortex characterized by pronounced decreases in Purkinje cell spiking activity and small decreases in cerebellar blood flow. The findings were explained by decreased excitatory input to the cerebellar cortex, i.e., deactivation, as cerebellar neuronal excitability and vascular reactivity were preserved. Functional ablation of the cerebral cortex by either spreading depression or tetrodotoxin reproduced the changes in cerebellar function with complete recovery of Purkinje cell activity and cerebellar blood flow concomitant with recovery of neocortical function. Decreases of activity involving the contralateral frontal cortex produced the largest decrease in cerebellar electrical activity and blood flow. Our data suggest that deactivation explains the decreases in blood flow and metabolism in cerebellar diaschisis observed in human neuroimaging studies. Decreases in spiking activity were 3-7 times larger than the respective decreases in flow. Therefore, under pathological conditions, neuroimaging methods based on hemodynamic signals may only show small changes, although the underlying decrease in neuronal activity is much larger.
I
ncreases in cerebral blood flow (CBF) and metabolism are used as indicators of cerebral function, because both are coupled to increased neuronal activity (1) (2) (3) . The influence of decreased neuronal activity on CBF and metabolism is less well understood, but essential for an understanding of the neurophysiological basis of vascular or metabolic signals obtained with functional neuroimaging techniques in humans. Reduced nerve cell activity may be related to increased synaptic inhibition, or to deactivation caused by a decrease of an excitatory synaptic input to a defined neuronal circuit. Deactivation may underlie the phenomenon known as diaschisis in which interruption of the excitatory output from an injured brain region is thought to cause decreases of activity in connecting brain regions (4, 5) . We used diaschisis to study the neuronal and vascular mechanisms accompanying deactivation.
Diaschisis is commonly observed in acute brain disorders, such as stroke, causing clinical deficits that exceed the functional consequences expected from the focal lesion with regard to its size and location in the brain. The concept of diaschisis has gained renewed interest from experimental (6, 7) and clinical studies that revealed decreased metabolism and CBF in anatomically intact brain regions remote from a cerebral lesion (8) (9) (10) , e.g., the cerebellar hemisphere contralateral to a lesion of the cerebral cortex. This crossed cerebellar diaschisis (CCD) is presumably caused by interruption of the cortico-pontocerebellar projections (11) .
Our goal was to establish CCD in an animal model, to correlate electrophysiological recordings to blood flow changes during CCD, thereby providing an experimental model of deactivation. To this end, we recorded single unit activity (spikes) of Purkinje cells as well as cerebellar blood flow (CeBF) under conditions of unilateral focal cerebral ischemia. In addition, we recorded synaptic field potentials (FP) in the cerebellar cortex, evoked by electrical stimulation of the inferior olivary nucleus to test the excitability of Purkinje cells during cerebellar diaschisis. According to the original theory, diaschisis is based on a decrease in electrical output of a population of cortical neurons, not their anatomical integrity. However, it has been suggested that irreversible cell damage in projecting brain regions may be a condition for CCD (12) . This hypothesis was tested in experiments in which we examined whether CCD could be induced by a decrease in cerebral cortical function alone. For this purpose, we applied to the cerebral cortex the sodium channel blocker tetrodotoxin (TTX) that abolishes generation of action potentials, or cortical spreading depression (CSD) that induces a spontaneously reversible suppression of cortical function (13) . Finally, we used the sequential blockade of neocortical function produced by the propagation of CSD to identify the neocortical region with most influence on cerebellar hemispheric spontaneous spiking activity and blood flow.
Methods
Experiments were performed in 23 male Wistar rats (250-350 g). All studies were in compliance with the guidelines of the European Community for the Care and Use of Laboratory Animals.
Anesthesia was induced by inhalation of isoflurane (1.5% in 30% O 2 ͞70% N 2 O), and switched to continuous i.v. perfusion of ␣-chloralose (40 mg/kg body weight) and inhalation of oxygenenriched air when surgery was completed. The trachea was cannulated for mechanical ventilation. Femoral vessels were continuously perfused with physiological saline through small catheters. Monitoring of blood pressure and hourly blood sample analysis assured maintenance of basic physiological parameters. We used open cranial windows, and superfused the brain with artificial cerebrospinal fluid as described in detail (14) . Trepanations were drilled over the cerebellar hemispheres, the left parieto-frontal cortex, or frontal and parietal cortex. For experiments using electrical stimulation of the inferior olive, the cerebellar window was extended caudally for access to the lower part of vermis and the cranial part of spinal cord.
Ischemia. Focal ischemia in the left cerebral hemisphere was induced by occluding the left distal middle cerebral artery (MCA) plus the common carotid artery (CCA) (15) . We accessed the left MCA via a temporal trepanation, and used a micromanipulator to retract a small metal hook to induce permanent MCA occlusion (MCAO). Changes in CBF after occlusion of the MCA, were monitored over the fronto-parietal cortex by using Laser Doppler flowmetry. After 45-60 min of MCAO, we additionally occluded the left CCA (CCAO) with a loop of plastic tubing to monitor the effect of two grades of cerebral ischemia on contralateral cerebellar function.
Functional Ablation. CSD was elicited in either the parietooccipital or frontal cortex by a minimally traumatizing needle stab. TTX (Sigma) was dissolved in artificial cerebrospinal fluid (20 M) . The solution was directly applied onto the cortical surface by using a micropipette.
Electrophysiological Recordings. We used single-barreled glass microelectrodes, filled with 2 M saline (impedance, 2-3 MOhm; tip, 2 m). Single unit activity (spikes) and synaptic field potentials of Purkinje cells were recorded at a depth of 300-600 m in Crus II of the right cerebellar hemisphere. Electrocorticograms (ECoGs) were recorded at a depth of 800 m in the left cerebral cortex with a bipolar montage by using the same type of microelectrode (2-mm tip distance). An Ag͞AgCl ground electrode was placed in the neck muscle.
The signal was A͞D-converted, amplified and filtered, and digitally sampled by using the 1401-plus hardware (Cambridge Electronic Design) connected to a PC running the SPIKE 2.3 software. Digital sampling rates were at 20 kHz for spikes, and 5 kHz for FP and ECoG. Data were normalized before statistical analysis. Normalized data of ECoG changes are based on the root mean square of the ECoG-amplitude. Levels of significance were determined by paired t test between groups. Changes were considered statistically significant at P Ͻ 0.05.
Spikes were identified by shape and amplitude before data acquisition. Automatic spike sorting was used to remove noise contributions to the calculated event rate (SPIKE 2.3 software).
The FPs were averaged and amplitudes were calculated as difference of peak to baseline (mean of the 15 ms before stimulation onset). The mean amplitude was calculated for each frequency in all three circumstances (control, MCAO, and MCA plus CCAO). Linear regression analysis was used to estimate the correlation between the increase in CeBF (area under curve) and the total evoked electrical activity, expressed as the summed field potential amplitude or ⌺FP, as described (17) .
Results
The effect of unilateral focal cerebral ischemia on electrical activity and blood flow in the contralateral cerebellar hemisphere was detected by extracellular recordings of activity of either individual Purkinje cells (spikes) or groups of neurons (FP), combined with Laser Doppler flowmetry on a real-time basis.
A rapid and pronounced drop in CBF in the fronto-parietal cortex accompanied successful occlusion of the MCA and CCA. This was followed by transient increases in CBF that resulted from peri-infarct depolarizations in the penumbra zone surrounding the lesion (Fig. 1a) . Occlusion of the MCA alone was followed by a decrease in spike activity of Purkinje cells in the contralateral cerebellum in 6 of the 10 animals studied (Fig. 1a) ; in the remaining animals the spike rate either remained constant (n ϭ 2) or increased (n ϭ 2). Thus the decrease in mean spike rate was not statistically significant (16.7 Ϯ 10% decrease compared with preoccluded values in the same animals, Fig. 1b) . The changes in electrical activity in the contralateral cerebellar hemisphere were accompanied by a significant, although less pronounced decrease in mean CeBF in all 10 rats (5.2 Ϯ 1.5% decrease compared with preocclusion values, Fig. 1 ). Simultaneous occlusion of both MCA and CCA significantly decreased the mean spike rate and CeBF compared with preocclusion baselines in all animals studied (by 45 Ϯ 10% and 15.6 Ϯ 3.0%, respectively, Fig. 1 ). Furthermore, the additional effect of CCAO after MCAO alone was highly significant for both mean spike rate and CeBF (additional decreases of 28.2 Ϯ 8%, and 10 Ϯ 2.7%, respectively). The decrease in relative spike activity was approximately three times larger than the decrease in CeBF (Fig. 1b) .
To gain information about the uncrossed component of cerebellar diaschisis, we measured blood flow in the ipsilateral cerebellar cortex in two animals following combined MCA-and CCA-occlusion. Although ipsilateral CeBF decreased in response to focal cerebral ischemia (Ϸ10%), the reduction was less pronounced than that observed in the contralateral cerebellar hemisphere (Ϸ25%).
The effect of the combined arterial occlusion on Purkinje cell spike activity and CeBF in the contralateral cerebellar hemisphere was more pronounced and consistent compared with MCA-occlusion alone. A possible explanation was that infarcts due to combined occlusion cover a larger cortical area that involves regions with strong projections to the cerebellar hemisphere, such as the frontal cortex. This possibility was examined in a series of experiments, in which we first sought to determine whether CCD could be induced by a fully reversible decrease in cortical function and, second, to reveal the specific contribution of topographically distinct regions of the cerebral cortex to CCD.
We used the transient unilateral suppression of electrical activity of the cerebral cortex caused by CSD to achieve reversible functional decortication. In four animals we recorded ECoGs and CBF in the fronto-parietal cortex, spike activity, and CeBF in the contralateral and ipsilateral cerebellar hemispheres. CSD was identified by a transient suppression of the ECoG accompanied by a concomitant rise in CBF (Fig. 2a) . Spike activity in Purkinje cells decreased concomitantly with the attenuation of the ECoG, remained low throughout the ECoG depression and returned to baseline in parallel with the ECoG signal (Fig. 2a) . A simultaneous, transient decrease in CeBF was observed in both cerebellar hemispheres (Fig. 2a, C͞I) . The mean Purkinje cell spike rate dropped by 56.8 Ϯ 6.7% (P Ͻ 0.001) during suppression of the ECoG and returned to 90 Ϯ 4.8% (P Ͻ 0.05) of baseline within the following 10 min (measured in a total of 12 episodes of CSD in four animals). Mean CeBF decreased in the contralateral and ipsilateral cerebellar hemisphere (Fig. 2a, C͞I) , by 8.2 Ϯ 1% (P Ͻ 0.01) and 8.3 Ϯ 1% (P Ͻ 0.01), respectively. Thus, the decrease in spike rate was approximately 7 times larger than that in CeBF in the cerebellar hemisphere contralateral to CSD. There was no significant difference between the mean CeBF at control conditions and after the ECoG had returned to baseline after CSD. As repeat episodes of CSD do not induce neuronal injury in normal brains (18) , these data indicate that suppression of electrical activity in the cortex is sufficient to produce cerebellar diaschisis.
To confirm these findings, TTX, which blocks action potential propagation and hence all ongoing neuronal activity, was topically applied to the left anterior cortex of four rats. The ECoG-amplitude (Fig. 2b, black triangle) gradually decreased over time with a slight delay in the first 15 min, which presumably reflects the time taken for TTX to diffuse to deeper cortical layers.
During this initial period after TTX application to the cerebral cortex, the spike rate of Purkinje cells in the contralateral cerebellum (Fig. 2b, red squares) showed a moderate nonsignif- icant decrease. During the next 60 min, the ECoG-amplitude declined further to a value (69.5 Ϯ 14.4% reduction to pre-TTX level, P Ͻ 0.05), which was not significantly different from the noise level observed after cardiac arrest (Fig. 2b, CA) , although CBF only decreased by Ϸ16% (not shown, two animals). The flat ECoG was accompanied by a simultaneous reduction in the spike rate of Purkinje cells in the contralateral cerebellum (71 Ϯ 1.3% reduction to pre-TTX value, P Ͻ 0.05). At the same time, CeBF in the contralateral cerebellum (Fig. 2b , dark blue circles) also declined, but by only 8.9 Ϯ 1.2% (P Ͻ 0.01) over the whole period. Taken together, these results indicate that tissue damage is not necessary for the development of CCD.
In the next step, we took advantage of the sequential suppression of activity in functionally distinct cortical areas during propagation of cortical spreading depression to study the ability of topographically distinct brain regions to generate CCD. A total of nine CSDs were induced in three additional animals. Four CSDs were elicited in the frontal cortex, and five in the parieto-occipital cortex. Fig. 3b depicts original data from one rat in which a single wave of CSD elicited in the left occipital cortex propagated to the parietal cortex ( Fig. 3, P) and, subsequently, to the frontal cortex (Fig. 3, F) , as indicated by the suppressed ECoG signal. Mean normalized data of this group are summarized in Fig. 3a ; passage of CSD over the parietal cortex had relatively moderate effect (11.5 Ϯ 4.5% decrease, P Ͻ 0.05) on the spike rate of Purkinje cells in the contralateral cerebellar hemisphere (Fig. 3, red) . The maximum decrease (27.8 Ϯ 4.2%, P Ͻ 0.001) occurred when the CSD reached the frontal cortex, at a time when the ECoG in the parietal cortex had already partly recovered ( Fig. 3, P) . The maximum decrease in contralateral CeBF also occurred when the ECoG in the frontal cortex was maximally suppressed (Fig. 3, dark blue) . These data indicate that projections from the frontal cortex have a particularly strong effect on neuronal activity and blood flow in the contralateral cerebellar hemisphere.
The decrease in baseline Purkinje cell spike rate and CeBF suggested reduced excitatory input from cerebral cortical regions, but may as well be related to decreased cerebellar excitability or vascular reactivity. This possibility was examined in a series of experiments in which we activated Purkinje cells by stimulating the inferior olive, the brainstem nucleus from which climbing fibers originate. Activation of Purkinje cells by means of the monosynaptic excitatory climbing-fiber input evokes synaptic FPs that are coupled to CeBF-increases (16) . We used three stimulation trains, each of 30-s duration, at increasing frequencies (1, 5, and 10 Hz) before and after either occlusion of the MCA or occlusion of the MCA plus CCA. The shape and amplitude of FPs, and the increases in CeBF remained unchanged after occlusion of the MCA or MCA plus CCA when compared with control conditions (Table 1) . Fig. 4 illustrates the FP, mean amplitudes of Purkinje cell field potentials. FreqStim, stimulation frequency. CeBF increase, area under the curve (AUC). At higher frequencies, FPs decrease in amplitude, whereas CeBF responses increase with frequency (16) . * , Significance of frequency dependent differences (P Ͻ 0.05).
linear relationship between the change in CeBF and the total electrical activity evoked at each stimulation frequency expressed as ⌺FP, the summed FP amplitudes (17) . The figure shows that the coupling between ⌺FP and CeBF was unaffected by unilateral focal cerebral ischemia and hence CCD. These data indicate that Purkinje cell excitability and vascular reactivity in the cerebellum are unchanged during CCD. Our findings support the idea that CCD is explained by deactivation.
Discussion
Increased excitatory synaptic activity increases energy metabolism and CBF (2, 3) . If the relation between neural activity and CBF is linear, then a reduction in nerve cell activity from baseline levels should be associated with decreased CBF. Reduced activity may be a consequence of either deactivation because of decreased excitatory input, or effective synaptic inhibition caused by interaction of ␥-aminobutyric acid (GABA) with its receptors that may decrease respectively increase CBF and metabolism (3).
Here we show that reduced neuronal activity in the cerebral cortex leads to a decrease in Purkinje cell spike activity in the contralateral cerebellar hemisphere, which is explained by deactivation. This deactivation is the result of reduced efferent, excitatory activity in crossed projections from the cerebral cortex to brainstem nuclei and relay neurons in the cerebellar cortex to Purkinje cells. This deactivation probably underlies the reduction in CeBF and metabolism in the cerebellum that is commonly observed as crossed cerebellar diaschisis with functional neuroimaging in stroke patients (19) .
Our data demonstrate that the reduction in CeBF, indicating CCD after permanent, combined occlusion of the contralateral CCA and MCA in rats, occurs in parallel with an immediate decrease in spontaneous activity of Purkinje cells. Although changes in electrical activity and blood flow are coupled in the cerebellar cortex, there are differences in the magnitude of the reduction in CeBF and spike rate of Purkinje cells during CCD; the decreases in Purkinje cell spike rate were Ϸ3-7 times larger than the decreases in CeBF (Fig. 5) . Positron-emission tomography studies of such pathological conditions may therefore underestimate the decrease in neuronal function, because a small relative change in the hemodynamic signal may be based on a much larger decrease in neuronal activity. The small decline in CeBF might be considered in the light of the proportion of the basal blood flow that is influenced by attenuation of spontaneous neuronal activity. Here we show that TTX abolishes activity in the cerebral cortex, whereas it reduces CBF by only Ϸ15%, which is consistent with previous studies (20) . Furthermore, we have shown that direct application of TTX abolishes both spontaneous and evoked electrical activity in the cerebellar cortex and reduces CeBF by Ϸ10 to 20% in anesthetized rats (21) . This finding suggests that the major proportion of the basal CeBF is independent of neuronal activity, which may explain the discrepancy between large activity changes and small blood flow changes during CCD (Fig. 5) . Therefore, the maximum decrease in CeBF (16%) that follows combined arterial occlusion is large, considering the dynamic range available for reduction caused by deactivation.
Positron emission tomography studies have revealed a lack of CCD in stroke patients with reduced metabolism and blood flow in the distribution of an occluded internal carotid artery, but without signs of infarction. Therefore, it was argued that for diaschisis to occur, damage to nervous tissue is required (12) . To test this hypothesis, we used transient functional ablation of the cerebral cortex by cortical spreading depression, which has been applied previously to study the functional organization of the brain (13, 22, 23) . We show that unilateral functional ablation of the cerebral cortex by either CSD or application of TTX reproduced the effects of focal ischemia, which indicates that diaschisis is independent of cell damage. However, our data show immediate changes of cerebellar activity induced by ischemia and functional ablation of the neocortex in an acute time window (1-2 h). The persistence of cerebellar diaschisis observed after stroke might indeed be related to processes subsequent to chronic deafferentiation distinct from decreased neuronal input, as indicated by recent reports of chronic uncoupling of cerebellar oxygen and glucose metabolism in stroke patients (24, 25) .
Focal cerebral ischemia and CSD induced bilateral, albeit asymmetrical decreases in CeBF, indicating that diaschisis occurs in both cerebellar hemispheres, but is more pronounced in the contralateral hemisphere, as previously observed in human stroke patients (12, 26) . Interestingly, a positron emission tomography study revealed that differences in the metabolic rates and CeBF between both cerebellar hemispheres are only apparent when the infarct involves the frontal lobe (12) . Strokes   Fig. 4 . Coupling between increased electrical activity and blood flow is preserved during cerebellar diaschisis induced by focal cerebral ischemia (n ϭ 3). The graph shows the correlation between the total evoked electrical activity (calculated as the summed field potential; ⌺FP) and the coupled CeBF-increase (⌬CeBF; area under curve) evoked by electrical stimulation of the inferior olive at 1, 5, and 10 Hz. The linear correlation (R ϭ 0.97; P Ͻ 0.001) was preserved between ⌺FP and ⌬CeBF before arterial occlusion (control, open circle), after contralateral MCAO (gray circle), and after additional MCAO͞CCAO (black circle). involving other regions produce symmetrical decreases in metabolism and CeBF in both cerebellar hemispheres. Our experiments using CSD revealed that Purkinje cell spiking activity and blood flow in the contralateral cerebellar hemisphere were maximally decreased when suppression of activity mainly involved the frontal cortex. Taken together, these observations reflect the strong functional and anatomical connection between the frontal cerebral cortex and the contralateral cerebellar hemisphere (27, 28) . In contrast to focal ischemia, CSD leads to symmetrical CeBF decreases, even though the frontal cortex in one hemisphere was depolarized. Another unresolved issue is the observation that focal ischemia produced much larger CeBF decreases in the contralateral cerebellar hemisphere than functional ablation (Fig. 5) . Further experiments are needed to elucidate the mechanisms that account for these differences.
The CeBF decrease and possibly the decrease in electrical activity in the ipsilateral cerebellar hemisphere are yet unexplained, but may involve reduced spiking activity of uncrossed projections of the cortico-ponto-cerebellar pathway (27) or activity decreases in the cerebral hemisphere contralateral to the lesion as a result of transhemispheric diaschisis (5) .
The experiments using climbing fiber stimulation indicated that Purkinje cell excitability and vascular reactivity were preserved during CCD. Thus, cerebellar diaschisis is explained by deactivation of Purkinje cells caused by a decrease in the excitatory input to these neurons. Clinical neurophysiological studies (29) (30) (31) (32) (33) (34) as well as experimental work (35, 36) indicated increased neuronal excitability in remote areas affected by transcortical or transhemispheric diaschisis, suggesting disinhibition of cortical neurons. However, the normal excitability of Purkinje cells reported here indicates that this is not a factor in CCD.
In conclusion, CCD is characterized by decreases in spontaneous cerebellar electrical activity and hence blood flow. It is an immediate response to reduced afferent input from interconnected brain regions, especially the contralateral frontal cortex. Our data reveal that the neurophysiological basis of acute cerebellar diaschisis is deactivation of Purkinje cells caused by reduced excitatory input from the cerebral cortex. Although structural damage of cortical areas and the projecting fibers might account for chronic effects of CCD and explain its persistence, the acute process is functional, and hence rapidly reversible when the excitatory input to the cerebellum returns. The fact that spontaneous activity of Purkinje cells is decreased without changes in excitability suggests that acute cerebellar diaschisis is an example of reduced nerve cell activity caused by deactivation that does not involve synaptic inhibition. Our data provide evidence, that large decreases of neuronal activity induced by deactivation are represented by very moderate changes of blood flow. This discrepancy should be taken into account in the interpretation of brain images obtained with CBF as indicator of neuronal activity.
